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HETEROSTRUKTUR III-NITRIDA YANG DITUMBUHKAN DENGAN RF-
MBE UNTUK APLIKASI PENDERIAAN GAS HIDROGEN  
 
 
ABSTRAK 
 
Dalam teknologi hijau semasa, hidrogen (H2) mempunyai potensi untuk 
bertindak sebagai pembawa tenaga yang baru dan sumber bahan api alternatif yang 
cekap dan mesra alam. Walau bagaimanapun, H2 terkenal mempunyai sifat letupan 
dan mudah terbakar. Oleh itu, pembangunan penderia gas H2 yang berprestasi tinggi 
untuk pemantauan dan pengesanan kebocoran dalam persekitaran yang sukar amat 
diperlukan untuk mengelakkan sebarang kemalangan maut.  Jurang jalur lebar III-
nitrida mempunyai keupayaan operasi kuasa/suhu yang tinggi dan juga rintangan 
kimia yang besar, oleh itu mereka boleh menjadi pilihan alternatif untuk aplikasi 
penderia gas pada suhu tinggi yang boleh beroperasi dalam persekitaran yang sukar.  
Dalam kerja ini, filem nipis III-nitrida (GaN, AlGaN, InGaN) dan dot kuantum (QDs) 
InGaN yang berkualiti tinggi telah ditumbuhkan di atas Si (111) dengan 
menggunakan epitaksi alur molekul berbantukan plasma (RF-MBE).  Sifat-sifat 
struktur dan optik bahan-bahan telah dicirikan dengan pelbagai teknik pencirian.  
Bagi mendapatkan penderia gas pada suhu tinggi dengan kepekaan tinggi, peranti 
telah difabrikasikan dengan Pt sebagai sentuhan Schottky.  Kepekaan penderia untuk 
pengesanan gas hidrogen telah dikaji pada suhu 100oC hingga suhu 500oC dengan 
kepekatan gas hidrogen yang berbeza.  Dalam ukuran arus-voltan (I-V), penderia gas 
berasaskan III-nitrida menujukkan ciri rektifikasi.  Penyerapan hidrogen ke peranti 
penderia memberi kesan penurunan sawar Schottky dan menyebabkan anjakan voltan.  
Kepekaan peranti meningkat dengan kenaikan suhu operasi disebabkan keaktifan 
penceraian H2 ke atas logam pemangkin pada suhu yang lebih tinggi. Walau 
bagaimanapun, oksigen dalam fasa gas akan diserap pada permukaan peranti dan 
 xvii 
bertindak balas dengan H2 untuk menghasilkan air di permukaan Pt pada suhu lebih 
tinggi yang akan menyebabkan penurunan kepekaan penderia.  Suhu operasi 
optimum untuk penderia gas berasaskan III-nitrida didapati pada suhu 400oC.  Di 
samping itu, pengaruh kepekatan hidrogen terhadap prestasi penderia gas juga dikaji.  
Keputusan menunjukkan bahawa kepekaan dan masa bertindak balas peranti sentiasa 
meningkat apabila ambien hidrogen ditukar daripada 0.1% ke 2.0% yang 
menunjukkan bahawa peranti dapat mengesan perubahan kepekatan hidrogen pada 
suhu tinggi.  Dalam perbandingan di antara semua sampel, Pt/InGaN QDs didapati 
mempunyai sensitiviti dan masa bertindak balas yang lebih baik iaitu 5.09 dan 320s 
masing-masing pada 2.0% hidrogen dengan suhu operasi 400oC.  Selain itu, nilai 
tenaga pengaktifan (3.91 kcal/mol) yang kecil menunjukkan bahawa Pt/In0.5Ga0.5N 
QDs mempunyai kepekaan yang lebih tinggi berbanding dengan peranti lain kerana 
nisbah kawasan permukaan dengan isipadu yang tinggi. Ianya didapati bahawa 
kawasan permukaan yang lebih besar pada In0.5Ga0.5N QDs akan meningkatan kadar 
pemisahan molekul hidrogen dan pembentukan hidrogen atom.  Keputusan 
menunjukkan bahawa penderia gas berasaskan III-nitrida mempunyai harapan untuk 
pengesanan hidrogen pada suhu yang tinggi. Sifat hidrogen penderiaan yang 
cemerlang bagi QDs boleh dibangunkan sebagai peranti penderia generasi akan 
datang. 
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RF-MBE GROWN III-NITRIDES HETEROSTRUCTURES FOR 
HYDROGEN GAS SENSING APPLICATIONS 
 
 
ABSTRACT 
 
In the current green technology, hydrogen (H2) has the potential to act as new 
energy carrier and alternative fuel source that is efficient and eco-friendly.    
However, H2 is well known to have excellent explosive and combustible properties.  
Hence, there is an absolutely necessity to develop high performance H2 sensors for 
monitoring and leak detection in harsh environments to prevent any fatal accidents.  
The wide band gap III-nitrides have high power/high temperature operation 
capability and great chemical resistance, therefore they become an alternative option 
for high temperature gas sensor application which can operate in harsh environment.  
In this work, high quality III-nitrides thin films (GaN, AlGaN, InGaN) and InGaN 
quantum dots (QDs) were grown on Si (111) by using RF plasma assisted molecular 
beam epitaxy (RF-MBE).  The structural and optical properties of materials were 
characterized by various characterization techniques.  In order to achieve a high 
sensitivity, and high temperature hydrogen gas sensor devices, the devices were 
fabricated using Pt as Schottky contacts.  The sensitivity of the sensors to hydrogen 
detection was studied at temperatures from 100oC to 500oC with different hydrogen 
concentrations.  In the current- voltage (I-V) measurements, the III-nitrides based gas 
sensor showed rectifying properties.  The adsorption of hydrogen onto the sensor 
devices results in an effective decrease of the Schottky barrier height, manifesting as 
a voltage shift.  As operation temperature increases, the sensitivity of devices is 
increased due to the more active dissociation of H2 on the catalytic metal at higher 
temperatures.  However, oxygen in the gas phase will absorb on the device surface 
and react with H2 to form water on the Pt surface at further higher temperature 
 xix 
resulted in decrease of the sensitivity sensor.  The optimum operating temperature for 
III-nitrides based gas sensor was found at 400oC.  In addition, the influence of 
hydrogen concentration to sensor performance was studied.  The results show that 
the sensitivity and response time of devices was constantly increased when the 
hydrogen ambient is changed from 0.1% to 2.0% which indicated that the devices 
were able to detect changes of hydrogen concentration at elevated temperature.  In 
the comparison of all samples, the Pt/InGaN QDs exhibits better sensitivity and 
response time which is 5.09 and 320s respectively at 2.0% hydrogen with the 
operating temperature of 400oC.  Besides that, the small value of activation energy 
(3.91 kcal/mol) shows that Pt/In0.5Ga0.5N QDs has higher sensitivity compared to 
other devices due to the high surface area to volume ratio.   It is found that the larger 
surface area of In0.5Ga0.5N QDs will allow more hydrogen molecules to dissociate 
and form atomic hydrogen efficiently.  The results indicated that III-nitrides based 
gas sensors appear promising for hydrogen detection at high temperature.  The 
excellent hydrogen sensing properties of QDs can be developed as next generation 
sensor devices. 
 
 1 
CHAPTER 1 
INTRODUCTION 
 
1.1 Introduction to III-nitrides 
GaN and its alloy compounds with AlN and InN form a direct wide band gap 
semiconductor family of great promise for optoelectronic and high power /high 
temperature application.  GaN is a very attractive material for devices due to its 
wide band gap, high thermal and chemical stability.  These characteristics allow the 
material to be used at elevated temperatures and in caustic environments where the 
properties of other semiconductor systems would degrade.  The band gaps of 
III-nitrides span from infrared to ultraviolet (UV) spectra; 0.7 eV, 3.4 eV and 6.2 eV 
for InN, GaN and AlN respectively (Wu, et al 2002, Saito, et al 2002).  Due to their 
wide band gap, III-nitrides are suited to use for blue and UV light emitting devices, 
high-density optical storage and full color display.  Some properties of wurtzite 
III-nitrides from previous studies are shown in Table 1.1. 
 
Table 1.1 Some properties of wurtzite III-nitrides (aWu, et al 2009, bHiroshi, 2002, 
cPorowski, et al 1997, dMousam, et al 2012, eHovel, et al 1972). 
 
Parameter GaN AlN InN 
aBandgap, Eg (T=300K) (eV) 3.43 6.14 0.64 
aLattice Constant, a (T=300K) (Å) 3.189 3.112 3.533 
aLattice Constant, c (T=300K) (Å) 5.185 4.982 5.693 
bElectron Effect Mass, mo 0.20 0.48 0.11 
bThermal Conductivity, κ (W/cmK) 1.3 2.0 0.8 
bDielectric Constant, ɛ  8.9-9.5 8.5 15.3 
bSaturated Electron Drift Velocity, 
vsat (107 cm/s) 
2.5 1.4 2.5 
Electrical Resistivity (T=300K) 
(Ω.cm) 
c10-1 d>1014 e3-5×10-3 
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Besides that, they also can stand at elevated temperatures and hostile 
environment.  As a consequence of their large band gaps, GaN and AlN have high 
breakdown fields and low intrinsic carrier concentration (Hai, et al 2006).  They 
also have high theoretical electron drift velocity and saturation current density.  
With these advantages, III-nitrides are among the most promising materials to extend 
the capabilities of optoelectronic devices.   
 
1.2 Introduction to Hydrogen 
Hydrogen is the simplest and lightest element on earth.  An atom of hydrogen 
has only one electron and one proton.  Hydrogen exists as gas at standard 
temperature and pressure.  Hydrogen is an energy carrier but not an energy source, 
meaning that it can store and deliver energy in an easily usable form.  Hydrogen can 
be produced from variety of sources which are listed in Table 1.2.  
 
 
Table 1.2 Summary of hydrogen sources and production processes (Trygve, et al 
2006). 
 
Hydrogen sources Production Processes 
Coal Gasification of coal 
Oil Steam reforming or partial oxidation of fossil oils 
Gas By-product from reforming natural gas or biogas with steam 
Power Water electrolysis by using any power source including wind, 
solar power and nuclear 
Wood/Biomass Decomposing biomass under controlled conditions 
Algae Photosynthesis 
Alcohols Biomass derived alcohols such as methanol and ethanol 
 
 Hydrogen gas is not freely available in the atmosphere but usually exists as a 
hydrogen containing compound mainly such as water (H2O) and in the form of 
 3 
hydrocarbons or fossil fuels.  Besides that, hydrogen also can found in biomass, 
which includes all plants and animals.   
  
1.3 Need of Hydrogen Sensor 
Hydrogen monitoring in nitrogen atmospheres can be useful for atmosphere 
control in semiconductor industries.  In metal industries, hydrogen sensor is used to 
quantify the hydrogen content to prevent the porosity in molten steel.  Hydrogen 
sensor is also used in biological process to monitor the growth of anaerobic bacteria 
(Rasha, et al 2011).  Table 1.3 shows basic safety relevant characteristics of 
hydrogen and other combustibles.  
  
Table 1.3 The safety characteristics of combustibles (Hord, et al 1978, Eichert, et al 1986). 
 
Properties Hydrogen Methane Propane Gasoline 
Limits of flammability in air (vol %) 4.0-75.0 5.0-15.0 2.1-9.5 1.0-7.6 
Auto-ignition temperature (°C) 585 540 487 228-471 
Minimum energy for ignition in air 
(μJ) 
20 290 260 240 
Diffusion coefficient in air (cm2s-1) 0.61 0.16 0.12 0.05 
Flame Temperature (°C) 2111 1954 2112 2200 
Limits of detonability in air (vol-%) 18.3-59.0 6.3-14.0 - 1.1-3.3 
Detonation velocity in air (ms-1) 2000 1800 1850 1400-1700 
Flame propagation velocity (ms-1) 3.46 0.43 0.47 - 
 
Hydrogen is less dangerous compared to other combustibles due to high auto 
ignition temperature (585°C) but hydrogen is an invisible, odorless, and tasteless 
flammable gas which cannot be detected by human sense.  It is highly flammable 
due to high heat of combustion and low ignition temperature with the wide 
flammable range of 4%-75%.  The smallest hydrogen molecule has a high diffusion 
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coefficient in air which makes leakage a problem at all stages of usage such as 
storage and fuel cell in transportation.   
Thus, it is necessary to develop a safety monitoring system for detecting the 
hydrogen level using affordable and compact hydrogen sensors to prevent the risk of 
a fatal accident due to hydrogen leakage as they can signify potentially hazardous 
conditions.  Besides that, hydrogen will cause corrosion at elevated temperature 
(Robert, 1996).  The hydrogen atoms penetrate into the metals and subsequently 
exasperate the metals internally, which will affect the properties of metals such as 
strength, durability and fracture toughness.  Hence, the need to develop a hydrogen 
sensor with high sensitivity and fast response at high temperature has gained 
momentum with the advent of hydrogen sensor technology. 
 
1.4 Hydrogen sensor parameters 
The five basic parameters of the entire gas sensor are the sensitivity, selectivity, 
response time, recovery time and stability.  These parameters are the key 
characteristics of the gas sensor performance.  The sensitivity is basic measureable 
parameters for a gas sensor characteristic.  It is a variation in chemical/physical 
properties of sensing material under target gas exposure.  The sensitivity of a 
Schottky diode gas sensor can defined as the ratio of the change in the current of the 
thick film upon exposure to the target gas.  The equation is given below: 
                       A i r
A i rg a s A
I
II
yS e n s i t i v i t


                      (1.1)            
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where IAir and IgasA are currents measured in air and target gas containing ambience, 
respectively.  
Selectivity is the ability of a gas sensor to respond to single analyte gas without 
being affected by the presence of other interference gases under same condition. The 
selectivity of a gas sensor can be defined as the ratio of the sensitivity of single target 
analytes gas relative to another analyte gas. 
 
               g a s A
g a s Bg a s A
yS e n s i t i v i t
yS e n s i t i v i tyS e n s i t i v i t
yS e l e c t i v i t


              (1.2) 
 
Response time is typically defined as the time required for the gas sensor to reach 
90% (T90) of full scale after being exposed to the target gas.  The time for the output 
of a gas sensor to return to its initial value after the removal of the target gas is 
defined as recovery time.  For the commercial gas sensor, the recovery time was 
usually specified as time to fall to 10% of steady state value after the removal of the 
measured gas.  The commercial usage of gas sensor is highly dependent on the 
response time and recovery time.  The small value of response time and recovery 
time indicated better application in the market compared with the one with long 
recovery and response time.  Stability is the ability of a sensor to maintain or 
repeatability of its performance characteristics for a given period of time.   
 
1.5 III-nitrides based hydrogen sensor 
There are many different Schottky diode metal semiconductors (MS) hydrogen 
sensors that were studied in the past decades (Lechuga, et al 1991, Chou, et al 2005, 
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Luther, et al 1999).  These sensors use catalytic metals such as palladium (Pd) and 
platinum (Pt) as sensing metals due to easily dissociate hydrogen molecules.  In the 
MS hydrogen sensor, a dipole layer was created after the hydrogen atoms diffuse into 
the MS interface.  This layer will lower the effective work function of the catalytic 
metal and change the electrical properties of the devices.   
Among the wide band gap semiconductors, GaN based semiconductor materials 
are the most promising for gas sensor devices that operate in harsh environmental 
conditions such as high-temperature and chemically corrosive ambient due to their 
good thermal and chemical stability.  In addition the small Fermi level pinning 
characteristics of III-nitrides are also important features that may lead to high gas 
sensor sensitivity (Zhao, et al 2003).  Besides that, III-nitrides MS sensors are more 
economical compared to other materials due to simple processing steps.  For these 
reasons, III-nitride semiconductor materials have attracted much attention in the field 
of gas sensing application.   
In addition, III-nitrides nanostructured based gas sensor can reduce the working 
temperatures and they consume less power operation as well as safer operation 
(Jimenez, et al 2007).  One dimensional (1D) nanostructures, such as nanowires, 
nanorods and nanobelts, are particularly suited for chemical sensing due to their large 
surface to volume ratio (Comini, et al 2010, Sharadrao, et al 2015, Carlos, et al 
2015).  The high area/volume ratio will also improve the adsorption of gases on the 
surface sensor and increase the sensitivity of the devices.   
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1.6 Motivations 
As mention above, hydrogen gas has high diffusion coefficient in air and easily 
leak due to small and light molecules.  Therefore, the development of technologies 
for monitoring and detection application will be of vital importance for life safety to 
prevent any accident due to hydrogen leakage.  The sensor must have high 
sensitivity, selectivity, repeatability and rapid response times.  For the development 
of reliable and efficient hydrogen sensors for process monitoring and leak detection 
applications, in situ monitoring of processes are used and require the sensors to be 
operated in harsh environments.  Harsh environment can be referred to situations 
involving high power, high temperature, high aggressive media exposure, and high 
radiation.  Significant corrosion related degradation will be caused by harsh 
environment.  To date, typically numerous harsh environment applications are 
related to automobiles, nuclear power plant, and aerospace as well as 
communications industries.   
In order to make the sensor function in these environment, a coo ling system is 
required to maintain the stable operation.  This will increase the operation cost and 
limit the space of the system to integrate other electronics components.  As a result, 
the efficiency and reliability of the system will become lower.  Hence, sensing 
structures and materials capable of withstanding such conditions are being 
exhaustively investigated.  Therefore, the main purpose of this work is to study and 
develop a simple, low cost and high sensitivity III-nitrides based hydrogen gas sensor 
which can operate at different high temperature up to 500oC with different ambient 
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gas concentrations.  Fabrication of III-nitrides based hydrogen sensor on Si 
substrates is more economical than many other sensors due to inexpensive materials 
and a reduced number of processing steps.   
 
1.7 Objectives 
The objectives of this work are: 
1. To study the growth of III-nitrides (GaN, AlGaN, InGaN) thin films and InGaN 
QDs on Si (111) by using RF plasma-assisted molecular beam epitaxy 
(RF-MBE). 
2. To investigate the structural and optical properties of III-nitrides thin films. 
3. To study the sensing performances (sensitivity, response and recovery time) of 
III-nitrides based metal semiconductor (MS) hydrogen sensor.   
4. To explore the feasibility of III-nitrides for hydrogen sensor applications over 
the wide range of high operating temperatures and gas concentrations. 
 
1.8 Originality of the research works 
In this work, high quality InGaN QDs was successfully grown on Si (111) by 
RF-MBE without growth interruption at reduced temperature (500oC-600oC).  From 
the literature, the growths of self-assembled InGaN QDs on Si (111) by RF-MBE are 
relatively less investigated as compared to sapphire especially at low temperature 
growth.  In addition, the high temperature III-nitrides based hydrogen sensors were 
successfully fabricated.  Although many III-nitrides based hydrogen sensor were 
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proposed by many researchers, there were no reports for III-nitrides based hydrogen 
sensor on Si (111) that can operate at elevated temperatures (>250oC).   
The fabrication of high sensitive III-nitrides nanostructured hydrogen gas sensors 
for elevated temperature detection is a key to the development of novel 
hydrogen-based technologies.  To date, there are various nanostructures such as 
GaN nanowires (Abdullah, et al 2015, Wright, et al 2009) and ZnO nanowires (Aurel, 
et al 2015, Niranjan, et al 2013) which are synthesized for gas sensing applications 
with excellent response and recovery characteristics.  However, there were no 
report on H2 gas sensors based on III-nitrides QDs, which may offer excellent 
environmental stability as well as enhanced sensitivity and speed of response of the 
sensors.  Additionally, many gas detecting sensors are not able to maintain 
sensitivity and stability at high temperatures due to chemical reactions occurring 
between the catalytic metal sensing layer and substrate layer.  High temperature gas 
sensors based III-nitrides on Si (111) are relatively new and unstudied.  The 
advanced study will lead wider commercial applications for high temperature 
hydrogen sensors in near future. 
 
1.9 Organization of the thesis 
The present work is divided into six chapters which present the complete picture 
of the work carried out. The second chapter includes the literature review relevant to 
this work.  A brief theory and characteristics of hydrogen sensing as well as the 
fabrication techniques are included in this chapter.   
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The third chapter consists of the common knowledge and the theory of the 
equipment tool.  The fourth chapter covers the experimental techniques used for the 
preparation and characterization of III-nitrides based hydrogen gas sensor.  It begins 
with the growth details and characterization of the III-nitrides thin films and QDs 
followed by fabrication of hydrogen gas sensors by using Pt catalytic contacts.  The 
fifth chapter presents results of the physical, electrical and gas sensing 
characterization of III-nitrides based hydrogen sensor.  Various comparisons of 
results obtained using different experimental procedures such as different 
temperature and ambient gas concentration are presented here.  Final chapter covers 
the conclusion of this project and provides some ideas for future work. 
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 Introduction 
The fundamental knowledge concerning this project is introduced in this chapter.  
The purpose of this chapter is to understand the background information on hydrogen 
technologies to establish the importance of hydrogen detection.  A detailed 
literature review has been reviewed before deciding on pursuing the proposed high 
temperature III-nitrides based hydrogen sensor technology.  
 
2.2 Hydrogen technology 
Recently, hydrogen has become one of the most promising clean energy sources 
relating to varied applications in transportation instead of petroleum.  Hydrogen 
fuel cell is much greater than the engines using hydrocarbon fuels and become an 
environmentally friendly fuel because the combustion product of hydrogen is only 
heat and water which is free from contamination and can be reproduced for periodic 
duty.  The hydrogen fuel cell has two electrodes where the reactions take place and 
an electrolyte which carries the charged particles from one electrode to the other  
which was shown in Fig. 2.1.  The fuel cell needs hydrogen and oxygen to work 
out.   
When the hydrogen enters the anode, a chemical reaction strips the hydrogen 
molecules of their electrons to form H+ ions.  The electrons travel through wires to 
provide a current.  In the meantime, the oxygen from the air will enters at the 
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cathode and picks up the electrons from anode and generates the electricity.   The 
water will formed when the oxygen combines with the ionized hydrogen atoms (H+).  
Some limited productions of hydrogen powered car are already existed.  The 
Honda FCX Clarity uses a hydrogen fuel cell and an electric motor.  The fuel cell 
produces electricity by converting hydrogen and oxygen from the air that can be used 
as a clean alternative to gasoline.  The BMW Hydrogen 7 has the ability to run on 
both hydrogen and gasoline using an internal combustion engine.  Toyota Mirai is 
the first hydrogen fuel cell vehicle to be sold commercially in 2014. 
 
 
(a) 
 
Fig. 2.1 Schematic of a hydrogen fuel cell. 
In the food processing industry, hydrogen can be used in hydrogenation process 
to convert vegetable oils into solid or semi-solid fats which are necessary for the 
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manufacture of margarine.  Hydrogen is also used primarily in the production of 
methanol and ammonia as well as for the purposes of the refining industry.  Table 
2.1 shows the use of hydrogen in different industries. 
 
Table 2.1 Industrial uses of hydrogen (US Welding, 2003). 
 
Industry Application of hydrogen gas 
Chemical processing Primarily to manufacture methanol and ammonia, 
but also to hydrogenate non-edible oils for 
plastics, ointments, soaps, insulation and other 
specialty chemicals. 
 
Metal production and welding As a protective atmosphere in high temperature 
operations such as stainless steel manufacturing 
and hardening.  Hydrogen can mix with argon 
for welding austenitic stainless steel and cutting 
operations as well as support plasma welding. 
 
Pharmaceuticals Used to produce vitamin C and A, surfactants, 
adhesives and sorbitol (sugar substitute) which is 
used in cosmetics.  
 
Electronics To create specially controlled atmospheres in the 
production of semiconductor circuits. 
 
Petroleum Recovery and 
Refinery 
To enhance performance of petroleum products 
by convert heavy crude to lighter, as well as to 
removing organic sulfur from crude oil. 
 
Power Generation React with O2 for the cooling water system in 
nuclear reactor and high speed turbine generators.  
 
2.3 Hydrogen gas sensor technology 
Numerous types of hydrogen gas sensors based on different structures have been 
currently proposed, involving electrochemical sensor, piezoelectric, fiber optic, and 
Schottky diode.  Most of the hydrogen sensor use catalytic metals such as platinum 
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(Pt) and palladium (Pd) due to a high hydrogen solubility and sensitivity for 
hydrogen molecules for this metal group.  The absorption rate of hydrogen in these 
catalytic metals is dependent on hydrogen concentration and operating temperature. 
Childs, et al (1978) developed the first electrochemical sensor.  Electrochemical 
sensors are composed of an anode and cathode which is similar to fuel cell.  The 
schematic of an electrochemical sensor is shown in Fig. 2.2.  Electrochemical 
sensors operate by reacting with the gas of interest to produce an electrical signal 
proportional to that gas concentration.  The disadvantage of this sensor is that it is 
not environmentally independent due to oxygen required for long term stability.   
 
 
 
Fig. 2.2 Schematic of electrochemical sensor (Jack, 1999). 
 
Piezoelectric field sensor can be divided into two categories which are 
piezoelectric quartz crystal microbalance (PQCMB) sensor and surface acoustic 
wave (SAW) sensor.  PQCMB consists of an oscillator powered by a regulated 
power supply, ensuring that the applied voltage is constant.  An experimental set up 
of the PQCMB is shown schematically in Fig. 2.3.  The frequency meter was used 
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to measure frequency output from the oscillator.  The response of the PCQMB 
sensor can be detected as a change in resonant frequency of the quartz crystal which 
depends on the mass of the chemically sensitive layer.  The resonant frequency will 
decrease when the hydrogen molecules are absorbed in Pd layer, therefore the 
concentration of hydrogen can be measured with the change in the resonant 
frequency. 
 
 
 
Fig. 2.3 The experimental set-up of PQCMB sensor (Christofides, 1990). 
 
The first SAW sensor was discovered by D’Amico, et al (1982-1983).  Sensing 
with acoustic wave is based on measuring variations of acoustic propagation velocity 
of wave, or wave attenuation.  The SAW characteristics such as phase, velocity and 
amplitude will be changed when the hydrogen molecules are absorbed in a Pd or Pt 
layer.  The SAW sensor has higher sensitivity compared to PQCMB due to higher 
resonant frequency. 
Among the semiconductor sensors, Schottky diodes have been reported as widely 
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used devices in electronics and sensors industries because they are cheap and involve 
simpler fabrication procedures and electronic circuitry required for operation.  
Schottky diode is well known as metal semiconductor (MS) junction and also often 
recorgnized as a “surface barrier diode”.  Schottky contacts are formed when a 
metal of generally large work function is in contact with a semiconducting substrate.  
By employing an interfacial layer between the metal and the substrate, the Schottky 
diode can be utilized as a gas sensor.   
The sensitivity of the Schottky diode based sensors is measured as a change in 
voltage or current, whilst the sensor is biased at a constant current or voltage, 
respectively.  Many of them use catalytic metals such as palladium (Pd) or platinum 
(Pt) as a hydrogen trap because these metals have high hydrogen solubility and can 
selectively absorb hydrogen gas.  The simple Schottky diode gas sensor is shown in 
Fig. 2.4.   
When the gas sensor surface exposed to the hydrogen gas, the hydrogen 
molecules will catalytically dissociate through the metal to form a dipole layer which 
will lead to a modulation of the barrier height and the difference of I-V 
characteristics (Kim, et al 2003).  The absorption of hydrogen in the catalytic 
metals depends on temperature and hydrogen concentration.  Therefore, low power 
consumption, low cost, easy fabrication, high sensitivity and reliability are the main 
advantages of the Schotty diode semiconductor sensors. 
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(a) (b) 
 
Fig. 2.4 Schottky diode sensor. (a) H2 dissociates on metal contact with catalytic 
metal. b) H atoms diffuse and form a dipole layer by OH bond that changes the I-V 
characteristics (Ambacher, et al 2008). 
 
 
2.4 III-Nitrides based gas sensor 
The III-nitride materials have attracted an enormous amount of interest due to 
their wide direct band gap, outstanding electrical and mechanical properties, as well 
as potential applications in electronic (Mishra, et al 2007 and Xing, et al 2001), 
photovoltaic (Trybus, et al 2006, Trybus, et al 2008 and Wu, et al 2003), and light 
emitting devices (Nakamura, et al 1991, Nakamura, et al 1994, Nakamura, et al 1999 
and Mukai, et al 2004).  GaN with a bandgap of 3.4 eV was first synthesized by 
Parsons and Johnson in 1932 (Johnson, et al 1932) and it was the most popular 
binary nitride in III-nitrides group.  The III-nitride material system has become 
particularly intriguing for use in optoelectronic applications right after the discovery 
of InN (Juza, et al 1938) and AlN (Ott, et al 1924) due to its tunable bandgap by 
forming alloys of the three binaries (Mohammad, et al 1996).  The bandgap of InN 
has been revised to 0.7 eV (Davidov, et al 2002), which will expand the range of 
bandgaps achievable by the III-nitride materials to span the entire visible spectrum.  
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The band gaps and lattice spacing of the III-nitride and related alloys are shown in 
Fig. 2.5.   
Gas sensing with high sensitivity and low detection limit in harsh environment is 
eagerly required in many applications such as chemical process monitoring and fuel 
cell.  High temperature gas sensor materials need a high melting point and high 
thermal stability to withstand elevated temperature operation.  Therefore, 
III-nitrides become candidates for high temperature gas sensing application due to 
their electrical and mechanical properties.  The wide temperature stability and good 
chemical stability as well as mechanical robustness allow GaN based hydrogen 
sensor to be operated in harsh environment. 
 
 
 
Fig. 2.5 Bandgap values versus lattice constant of wurtzite III-nitrides and their 
respective ternary alloys (Ibach, et al 2003). 
Historically, there have been reports on GaN gas sensors utilizing Schottky 
contacts (Schalwig, et al 2002, Jihyan, et al 2003 and Weidemann, et al 2003), using 
 19 
catalytic metals such as Pd or Pt.  All the devices have detection ranges typically 
below the combustion point which is below 4.7% hydrogen.  The first high 
temperature Pt/GaN/Al2O3 Schottky diode hydrogen sensor which can operate at the 
temperature range of 200oC-400oC was reported by Luther, et al (1999).  Huang, et 
al (2007) and Wright, et al (2009) reported that their GaN/Si hydrogen sensor can 
operate at 100oC with the sensitivity of 0.18 and 0.04 respectively.  However, to 
date, a high quality Pt/GaN/Si (111) hydrogen sensor that can operate at high 
temperatures (> 200oC) is studied less compared to GaN on SiC and sapphire 
substrates.  
 
2.4.1 AlGaN based gas sensor 
AlxGa1-xN alloy is of interest as optoelectronic devices due to its tunable energy 
band gap (Strite, et al 1992).  The direct energy band gap of this material lies in a 
typical range of 3.42 (for x = 0) to 6.1 eV (for x = 1) at 300K.  The energy band gap 
of AlxGa1-xN can be calculated approximately by 
 
         
         xbxExxEE ggg  1GaN1AlNAlGaN              (2.1) 
 
where Eg(AlN) and Eg(GaN) are the band gaps of AlN and GaN respectively with the 
corresponding values of 0.7 eV and 3.4 eV, while the b is the bowing parameter with 
the value of 0.7 (Martin, et al 1996, Vurgaftman, et al 2003) for AlxGa1-xN which is 
summarized in Table 2.2.  
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The Al mole fraction, x along with the AlxGa1-xN barrier thickness are extremely 
important in determining the characteristics of AlGaN heterostructures.  It 
influences the amount of polarization charges and two dimensional electron gas 
(2DEG) mobility as well as the depth of the quantum well where sheet charges are 
confined.  A higher Al mole fraction results in a larger conduction band 
discontinuity and a higher bandgap which is beneficial in greater carrier confinement 
at the AlGaN/GaN interface that allow high mobility to coexist with a large carrier 
density (Wu, et al 1998).  However, a high Al composition causes challenges in 
growing good quality and thick AlGaN layers since its lattice mismatch with GaN 
increases correspondingly.  The large lattice mismatch (17%) (Wu, et al 2006) leads 
to surface cracking due to faster relaxation of the AlGaN layer (Thiele, et al 2005 
and Wang, et al 2012). 
 
Table 2.2 Valence band offset and bowing parameters of the ternary alloys (Martin, 
et al 1996, Vurgaftman, et al 2003). 
 
Parameter AlGaN InGaN InAlN 
Valence band offset (eV) -0.7 -1.1 -1.8 
Alloy bandgap bowing (eV), b 0.7 1.4 2.5 
 
Recently, interest in UV optoelectronics and gas sensor has led to focused 
research in the AlxGa1-xN alloys, as it provides for a suitable material system for the 
realization of these applications.  The intrinsic polarization fields on the 
AlGaN/GaN surface are accepted to play an important role in determining the gas 
sensitivity and responsibility.  Matsuo, et al (2005) found that increase of reverse 
and forward currents was much larger in the Pt/AlGaN compared to Pt/GaN.  
